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The recent worldwide spread of methicillin-resistant Staphylococcus pseudintermedius (MRSP) in dogs is a reason
for concern due to the typical multidrug resistance patterns displayed by some MRSP lineages such as sequence
type (ST) 71. The objective of this study was to compare the in vitro adherence properties between MRSP and
methicillin-susceptible (MSSP) strains. Four MRSP, including a human and a canine strain belonging to ST71 and
two canine non-ST71 strains, and three genetically unrelated MSSP were tested on corneocytes collected from five
dogs and six humans. All strains were fully characterized with respect to genetic background and cell wall-anchored
protein (CWAP) gene content. Seventy-seven strain-corneocyte combinations were tested using both exponential-
and stationary-phase cultures. Negative binomial regression analysis of counts of bacterial cells adhering to corneocytes
revealed that adherence was significantly influenced by host and strain genotype regardless of bacterial growth phase.
The two MRSP ST71 strains showed greater adherence than MRSP non-ST71 (p < 0.0001) and MSSP (p < 0.0001). This
phenotypic trait was not associated to any specific CWAP gene. In general, S. pseudintermedius adherence to canine
corneocytes was significantly higher compared to human corneocytes (p < 0.0001), but the MRSP ST71 strain of human
origin adhered equally well to canine and human corneocytes, suggesting that MRSP ST71 may be able to adapt to
human skin. The genetic basis of the enhanced in vitro adherence of ST71 needs to be elucidated as this phenotypic
trait may be associated to the epidemiological success and zoonotic potential of this epidemic MRSP clone.Introduction
Staphylococcus pseudintermedius is the most common
bacterial pathogen associated with otitis and pyoderma
in dogs, which are the natural hosts of this staphylococ-
cal species. The reported carriage prevalences in healthy
dogs range between 46 and 92% depending on the study
population and methodology used for assessing carriage
[1]. Methicillin-resistant S. pseudintermedius (MRSP)
were first reported in the United States in 1999 [2] and
in 2007 in Europe [3]. An increasing number of studies
have documented the rapid spread of MRSP worldwide
[4-8]. Some strains are resistant to all antibiotics avail-
able for treatment in small animal practice and two
dominant clonal lineages have been recognized: ST71 in
Europe and ST68 in North America [6]. It has been
demonstrated that MRSP ST71 isolates are better* Correspondence: asm@sund.ku.dk
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Although the ability to form biofilm may play an impor-
tant role in the pathophysiology of bacterial infections
and be related to survival and persistence of S. pseudin-
termedius in the environment [9,10], the reasons for the
rapid emergence and success of this lineage remain
unknown.
Recent studies have documented carriage of MRSP
among veterinary staff and pet owners [11-14]. Sporadic
cases of human infection have also been reported,
including patients exposed to colonized household pets
[15-17]. Staphylococcal adherence to corneocytes is the
first important step to skin colonization. S. aureus
adherence to skin and mucosae results from the inter-
action between host extracellular matrix proteins, such
as fibrinogen, fibronectin and cytokeratin 10, and bacter-
ial cell wall-associated proteins (CWAPs) termed micro-
bial surface components recognizing adhesive matrix
molecules (MSCRAMMs) [18]. Eighteen CWAP genesral Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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hypothesized to play a role in pathogenesis [20,21].
To shed light on the epidemiological success and zoo-
notic potential of MRSP, the in vitro adherence properties
of four MRSP strains belonging to three unrelated se-
quence types (ST71, ST68 and ST258) were compared to
those of three genetically unrelated methicillin-susceptible
(MSSP) strains (ST25, ST257, ST259) using corneocytes
obtained from five dogs and six humans. The CWAP gene
profiles of all strains were determined to identify possible
associations with adherence ability.
Materials and methods
Strains
The four MRSP and three MSSP strains used in this
study were isolated from different body sites of healthy
and diseased dogs and from the nostrils of healthy
humans (Table 1). All strains were typed by the new
seven genes multilocus sequence typing scheme (MLST)
[22], spa typing [6], and pulsed-field gel electrophoresis
(PFGE) [23]. The MRSP strains were selected to repre-
sent the two epidemic clones ST71 and ST68 [6], and
ST258 (ST106 according to the old MLST scheme),
which is an emerging clone in the Scandinavian coun-
tries [9,24]. MRSP ST71 was represented by two strains
of canine and human origin. ED99, a whole genome se-
quenced strain [25] and two randomly selected strains
from a healthy dog [23] and a dog owner [26] were used
as MSSP strains. For all strains, the presence of genes
encoding 18 putative CWAPs from SpsA to SpsR was de-
termined by PCR using strain ED99 as a positive control
as described by Bannoehr et al. [19].
Collection of corneocytes
Corneocytes were collected from five dogs of different
breeds (one Rottweiler, one Parson Jack Russel Terrier,
one Springel Spaniel and two Shetland Sheepdog; age
range: 6–10 years) and from six humans (age range: 30–
35 years). The dogs were healthy with no symptoms of
skin or ear infection, and had no history of systemic orTable 1 Strains used in this study
Strain MSSP/MRSP ST Host origin Specimen
E140 MRSP 71 Dog Wound cli
Franca 29a MRSP 71 Human Nose com
USA 06-3228 MRSP 68 Dog Skin clinica
E139 MRSP 258 Dog Ear clinical
ED99 MSSP 25 Dog Skin clinica
2M MSSP 257 Dog Mouth com
Eva 70 MSSP 259 Human Nose com
MSSP: methicillin-susceptible S. pseudintermedius; MRSP: methicillin-resistant S. pseu
cell-wall anchored proteins; n.t. = non-typeable.local antimicrobial therapy in the last six months before
sampling. None of the human donors had a history of
skin disorder or reported to have frequent contacts with
dogs. Written informed consent was obtained for each
canine and human donor prior to sampling. Corneocytes
were collected by applying adhesive discs of 25-mm
diameter (D-squame, CuDerm Corporation, Dallas, USA)
on the canine skin of the inner concave side of the pinna
and on the human inner forearm [27,28]. Twenty-eight
discs with confluent corneocytes layer were obtained
from each donor at the same time to avoid sampling
variability. Before collection, surface debris was re-
moved by applying five successive adhesive tape strips
(Sellotape® Original, Winsford, Cheshire, UK). After col-
lection, the adhesive discs were examined by light mi-
croscopy to evaluate the confluency of the corneocytes
layer, and then stored at 4 °C for a maximum of 10 months.
At the time of collection, all donors were screened for S.
pseudintermedius. Canine oral and perineal swabs and hu-
man nasal swabs were collected and processed as de-
scribed before [12,23].
In vitro corneocytes adherence assay
All experiments were carried out using bacterial cultures
in mid-exponential and late stationary phase. Briefly,
each strain was inoculated into 10 mL BHI and incu-
bated at 37 °C for 14–16 h (late stationary phase cul-
ture). After the overnight incubation, 100 μL of bacterial
culture was transferred into 30 mL BHI and incubated
at 37 °C until optical density (OD)₆₀₀ = 0.750 ± 0.030
(mid-exponential phase culture). Thereafter, 8 mL were
centrifuged at 1500 g for 5 min at 4 °C, and the resulting
pellet was washed three times with phosphate buffered
saline (PBS, Dulbecco’s Phosphate-buffered saline no cal-
cium no magnesium, GIBCO) by pipetting and centrifu-
gation (800 g for 3 min). The final bacterial suspension
was adjusted to an OD₆₀₀ = 0.15, which corresponds to ~
7 × 107 CFU/mL in stationary phase and ~ 3 × 107 CFU/
mL in exponential phase. Subsequently, 500 μL of OD-
adjusted suspension was pipetted onto D-squame discsspa CWAPs
SpsD SpsF SpsO SpsP SpsQ
nical t02 + + - + +
mensal t02 + + - + +
l t06 + + - + +
t02 - - - - -
l t01 + + + + +
mensal n.t. + + + - -
mensal n.t. - - - - -
dintermedius; ST: sequence type; spa: spa type; CWAPs: genes encoding putative
Figure 1 Overall mean adhesion counts of all Staphylococcus
pseudintermedius strains to human and canine corneocytes.
Error bars indicate 95% confidence intervals.
Figure 2 Overall mean adhesion counts of MRSP ST71, MRSP
non-ST71 and MSSP to corneocytes of human and canine origin.
Error bars indicate 95% confidence intervals.
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bated at 37 °C for 45 min in a moist chamber. After incu-
bation, the discs were washed with PBS for three times
(3 × 10 s) and air dried. Discs were stained for one minute
with 500 μL of 0.5% crystal violet and washed with PBS to
remove excess stain. The number of adherent bacteria was
counted at × 1000 magnification using an Axioplan II epi-
fluorescence microscope (Zeiss, Oberkochen, Germany)
and a Zeiss AxioCam digital camera. Ten microscopic
field images with confluent corneocytes were randomly
selected, except for dog D2 with strain 2M in stationary
phase where it was possible to use only three fields due
to poor confluent corneocyte layer. One slide for each
combination of strain, growth phase (mid-exponential
or stationary) and corneocytes donor (dog or human)
was used. To assess the reproducibility of the results in
our setting, a pilot experiment was performed where the
combinations of each strain in stationary phase and hu-
man corneocytes were tested in duplicate. One corneo-
cytes disc per individual was incubated with PBS only
and used as a negative control.
Statistical analyses
The mean counts for all combinations of three strain ge-
notypes (MRSP ST71, MRSP non-ST71 and MSSP), two
growth phases (mid-exponential and stationary), two
strain host origins (dog or human) and two corneocytes
donor types (dog or human), were compared in a nega-
tive binomial regression model using the Genmod pro-
cedure in SAS v. 9.3 (SAS Institute, Cary, NC, USA). All
ten replicates within each donor were treated as re-
peated samples within a donor in the model. This model
was used to compare adherence of S. pseudintermedius
to corneocytes among the different strain genotypes, the
strain host origin, the corneocytes donor origin and the
S. pseudintermedius colonization status of the donor at
the time of the collection of corneocytes while stratifying
in the exponential and the stationary phase. A p-value
of < 0.05 was deemed significant.
Results
Four out of five canine corneocyte donors were positive
for S. pseudintermedius, whereas all six human donors
were negative. No statistically significant difference was
found between colonization status at the time of the col-
lection of corneocytes and adherence. Mean bacterial
counts were affected by host (Figure 1) and strain geno-
type (Figure 2). Overall, S. pseudintermedius showed sig-
nificantly greater adherence to canine corneocytes than
to human corneocytes (p < 0.0001) (Figure 1). Preferen-
tial adherence to canine corneocytes was particularly
evident for two MSSP isolated from dogs, ED99 and 2M
(Figure 3). None of the strains showed a statistically sig-
nificant preferential adherence to human corneocytesbut the MRSP ST71 strain of human origin was the best
adhering strain to both canine and human corneocytes
(Figure 3), with double number of adhering bacteria to
human corneocytes (mean count of all six human cor-
neocytes = 150) compared to canine corneocytes (mean
count of all five canine corneocytes = 72) in stationary
phase (Figure 3B). In general, the mean adherent count
of each strain was higher in mid-exponential phase than
in stationary phase (Figure 3) and significant differences
in adherence ability were observed between mean counts
of MRSP and MSSP in stationary phase (p < 0.001) but
not in the exponential phase (p = 0.05). Interestingly,







































































































Figure 3 Mean adhesion counts of the seven Staphylococcus pseudintermedius strains to human and canine corneocytes. (A) Exponential
phase. (B) Stationary phase. Bars represent the mean counts of adherent Staphylococcus pseudintermedius per 10 microscopic field images and
the error bars indicate the 95% confidence intervals. The two strains of human origin are marked by an asterisk.
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(Figure 2). Strain host origin and the possible interac-
tions among all investigated parameters were not signifi-
cant. No bacteria were observed in the negative control
corneocytes discs, confirming that corneocytes were not
contaminated with strains from the donor after removal
of surface debris prior to the corneocytes collection. No
statistically significant differences were found between themean bacterial counts of the two slides used to assess the
reproducibility of the results in the pilot experiment.
All seven strains were positive for 13/18 CWAP genes
(namely spsA-C, spsE, spsG, spsH, spsI-N, spsR). The
remaining five genes; spsD, spsF, spsO and the S. aureus
spa orthologues spsP and spsQ were present in different
combinations (Table 1). Strain adherence was not associ-
ated to any specific CWAP gene combination. The SpsO
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to the expected size and showed 97% nucleotide identity
with SpsO ED99.
Discussion
We evaluated the adherence properties of MRSP and
MSSP, showing that MRSP ST71 adhered better to ca-
nine and human corneocytes than MRSP non-ST71 and
MSSP. The enhanced adherence of ST71 compared to
other genotypes may explain the epidemiological success
of this clone, which was first detected in Europe in 2007
[3] and then rapidly spread within this continent as well
as in countries outside Europe such as Brazil, USA and
Canada [6,29]. MRSP ST71 has recently been shown to
have a greater ability to produce biofilm compared with
other STs [9,10]. Taken together, these data indicate that
this clone has a particular ability to adhere to skin and
form biofilm compared to other members of the species,
even though the genetic factors associated with these
phenotypic traits remain to be identified.
All seven strains were tested using both mid-exponential
and stationary phase because it has previously been shown
in S. aureus, that cell wall adhesins and secreted virulence
factors are differentially expressed during the bacterial
growth cycle [30,31]. Adhesins are hypothesized to be pre-
dominantly expressed in exponential phase and at low cell
densities, while toxins and other secreted virulence factors
are expressed in post exponential phase and at high cell
densities for host tissue invasion and dissemination [30,31].
As expected, all S. pseudintermedius had greater mean
adherence counts in the mid-exponential phase compared
to the stationary phase following the time-dependent ex-
pression pattern regulated by agr system in other staphylo-
coccal species [32]. Interestingly, when analyzing MRSP vs
MSSP, statistical differences were observed only in statio-
nary phase. This observation could be a result of the diffe-
rences between groups in the protein expression patterns
and persistence of surface adhesins. Such differences were
recently reported for the S. aureus surface adhesion pro-
teins SdrD and SdrE [32] which have a biphasic expression
pattern, and for clumping factor B and fibronectin-binding
proteins (FnBPs) [33], which can be present throughout
the bacterial growth cycle.. Georghean et al. [33] showed
that high-level expression of FnBPs throughout the bacte-
rial growth cycle is requested to promote the accumulation
phase of ica-indipendent biofilm formation in methicillin-
resistant S. aureus [33] and this may be also the case
in MRSP.
S. pseudintermedius have significantly greater adhe-
rence to canine corneocytes than to human corneocytes,
as indicated by previous studies [27,34]. Surprisingly, we
found that the MRSP ST71 isolated from a small animal
dermatologist in Italy [12] was the best strain adhering
to both canine and human corneocytes. This findingsuggests that MRSP ST71 may be able to adapt to hu-
man skin, as supported by the frequent reports of this
lineage among veterinarians and pet owners [12,13], and
in human infections [17]. The possible extended host
spectrum of this lineage is indirectly suggested by the in-
creasing number of reports of MRSP ST71 isolated from
other animal species other than Canidae such as horses
[7], donkeys [7], cats [7,35], cattle [36], and parrots [7].
Similarly, a broad host range has been hypothesized for
some methicillin-resistant S. aureus clones of animal ori-
gin such as ST398 [37].
We screened all seven strains used in the in vitro assay
by PCR for the 18 putative CWAPs previously described
by Bannoehr et al. [19] to identify any specific CWAP or
combinations of CWAPs that may explain any differ-
ences in the adherence ability observed for the different
strains. We did not observe a clear association between
the presence of any particular CWAP or a combination
of them and the enhanced adherence to corneocytes. For
example, the MRSP ST68 strain, USA 06–3228, and the
MRSP ST71 strains, E140 and Franca 29a, had the same
CWA surface proteins profile, but exhibited great vari-
ability in the adherence ability to canine and human cor-
neocytes. However it should be noted that we only PCR
screened for the presence of these CWAP genes and ad-
herence may be related to differential CWA protein ex-
pression that could be affected at the post-transcriptional
and post-translational level or by degradation proteases
[32]. In addition, the 18 putative CWAPs were identified
based on in silico analysis of only one methicillin-
susceptible S. pseudintermedius strain genome (ED99).
Our strains may contain other CWAPs not present in
ED99 or the adherence to canine corneocytes may be
mediated by non-proteinaceous adhesins like wall tei-
choic acids, as shown for S. aureus adherence to nasal
epithelial cells [38].
S. pseudintermedius adherence did not differ signifi-
cantly between the corneocytes collected from dog test-
ing negative for S. pseudintermedius and those collected
from the four positive dogs. This result is apparently in
contrast with the findings of a previous study, where it
was demonstrated that in vitro adherence of S. pseudin-
termedius to canine corneocytes is influenced by the car-
rier status of corneocyte donors [39]. However, this is
only an apparent contrast since we could only determine
whether the donors were positive at the time of sam-
pling. Determination of their actual carrier status would
have required a longitudinal study setup [23,39]. For ex-
ample, the dog that tested negative for S. pseudintermedius
at the time of sampling was not necessarily a non-carrier
and could be sporadic or intermittent carrier according to
the classification proposed by Paul et al. [23].
There are two major limitations in this study. First,
the limited number of strains used in this study may
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Unfortunately it is not feasible to perform the adherence
corneocytes assay using a larger number of strains due
to the limited number of corneocytes adhesive discs that
can be collected from a single donor at the same time.
Second, our results are based on the mean adherence of
ten different microscopic field images, and biological
replicates from the same donor were not performed.
However, “donor” was not a unit of concern and the cor-
neocytes adherence assay was shown to be reproducible
by the pilot experiment as well as by previous studies
[27,28].
In conclusion, under in vitro conditions, MRSP ST71
adhered better to corneocytes compared to MRSP non-
ST71 and MSSP. The enhanced adherence of ST71 may
be a factor contributing to the epidemiological success
of this MRSP lineage. Another notable finding was the
remarkable ability of a human isolate of MRSP ST71 to
adhere to human corneocytes, which confirms the hy-
pothesis that this lineage may have higher ability to
adapt to humans and ultimately possess extended host
range and higher zoonotic potential compared to other
lineages of the bacterial species [12]. Further studies
using a combined approach based on whole genome se-
quencing, proteomics and functional assays are needed
to elucidate the genetic factors responsible for the en-
hanced in vitro adherence of MRSP ST71.
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